We followed the fatty acid composition of particulate organic matter (POM) in a High Arctic fjord (79°N; Svalbard, Norway) during and after the spring bloom. The content of essential polyunsaturated fatty acids (PUFAs) was highest (45% of total fatty acids) at the beginning of the bloom, well before the biomass maximum, and decreased linearly towards the end (30%). During the postbloom period, the concentrations of PUFAs remained stable, between 25% and 30%. Redundancy analysis was used to identify the environmental factors that explained the observed variability in the fatty acid composition of phytoplankton. A particular emphasis was put on the potential influence of high irradiances. During the spring bloom, nutrient availability (Si and N), as well as shifts in phytoplankton community composition and chlorophyll a, were shown to account for much of the pattern in fatty acid composition. During the postbloom period, particularly during periods of stratification, light had a pronounced effect on the fatty acid composition. In general, we found a decrease in the relative amount of PUFAs under high light intensities and nutrient limitation.
Introduction
The High Arctic is characterized by a strong seasonality and, in general, a brief spring bloom when the bulk of the autotrophic biomass is produced. Hence, for the entire ecosystem, productivity is acutely susceptible to environmental conditions during this period. Light is supposed to be the key regulator of production in ice-covered areas (Smetacek and Nicol 2005) , yet it plays a dual role. Despite being essential for primary production, light, especially ultraviolet radiation (UVR, 280 00 nm), has been proven to inhibit algal photosynthesis and growth (Cullen and Neale 1994; Hanelt 1996; Vernet 2000) .
Interestingly, light has also been identified as one of the main factors determining food quality in terms of stoichiometry and fatty acids (Thompson et al. 1993; Urabe and Sterner 1996) . The nutritional quality of available food affects the transport of energy and matter through the food web (Gulati and DeMott 1997; Anderson and Pond 2000; Arendt et al. 2005) . Polyunsaturated fatty acids (PUFAs) are essential key metabolites, synthesized only by algae (Sargent et al. 1995) , and are of particular importance in polar ecosystems. Most organisms at these latitudes use lipid reserves to cope with periods of poor food supply (Falk-Petersen et al. 2000; Hagen and Auel 2001) . Hence, lipids and essential PUFAs are transported and enriched effectively in the pelagic food web (Falk-Petersen et al. 1990 ). PUFAs are necessary for the functioning of vital membrane-bound physiological processes and contribute to the regulation of membrane fluidity, particularly under low temperatures (Nishida and Murata 1996; Hall et al. 2002) . Studies of biochemical changes in particulate organic matter (POM) have revealed a strong seasonality of fatty acid composition (Mayzaud et al. 1989; Skerratt et al. 1995; Reuss and Poulsen 2002) , with the highest amounts of PUFAs usually found during the early phase of spring bloom (Parrish et al. 2005 ). The results of these studies point to two main drivers for the dynamics in fatty acid profiles: (i) changes in species composition due to natural succession, and (ii) the physiological state of the phytoplankton determined mainly by the availability of nutrients. The importance of both has been confirmed further in mesocosm experiments (Mayzaud et al. 1990; Hayakawa et al. 1996) .
Adding to these two drivers, light potentially may also affect fatty acid composition in autotrophs. In laboratory studies, photosynthetically active radiation (PAR; 400-700 nm) and UVR have been shown to affect phytoplankton fatty acid composition (Thompson et al. 1993; Goes et al. 1994; Skerratt et al. 1998) . Experimental studies by our group revealed that fast changing or high intensities of PAR can lead to major reductions in the relative amount of PUFAs in the Arctic diatom Thalassiosira antarctica var. borealis, thereby decreasing its nutritional quality for grazers (Leu et al. 2006b ), whereas UVR had no negative effect on the relative amount of PUFAs in several diatom species (Leu et al. 2007 ). However, the relevance of these observations for the in situ situation remained to be verified. The spring bloom in the High Arctic starts shortly before or after ice breakup (Wiktor 1999; Engelsen et al. 2002; Sakshaug 2004 ) and usually follows the retreating ice edge northwards (Sakshaug and Slagstad 1991; Sakshaug 2004) , with the bulk of autotrophic biomass concentrated in the nutrient-rich meltwater layer close to the surface, stabilized by a halocline (Engelsen et al. 2004 ). Ice breakup, as well as rapidly changing albedo, and weather conditions with shifting cloud cover expose phytoplankton to variable and temporarily very high irradiances. In addition, temporal fluctuations and seasonal depletion of stratospheric ozone are frequently observed during the Arctic spring (Dahlback 2002) , resulting in a periodic increase of potentially harmful UVB radiation (280-320 nm). Little is known about the extent to which the interplay between these factors may affect the nutritional quality in terms of fatty acid composition of POM in the Arctic pelagic ecosystem.
Thus, we followed the temporal development of POM fatty acid composition in a High Arctic fjord during and after spring bloom, with special focus on the relative amount of PUFAs. In addition to spectral vertical profiles of underwater irradiance, PAR and UVR were measured continuously in air. Phytoplankton species composition, photosynthetic and photoprotective pigments, nutrient availability, and hydrographic conditions were monitored throughout the sampling period. Environmental factors explaining the observed variability in fatty acid composition were identified using redundancy analysis (RDA). In particular, we wanted to clarify the potential impact of irradiance on POM fatty acid composition in situ compared with species composition and nutrient availability.
Materials and methods

Study area and sampling
Waters in Kongsfjorden, Svalbard, Norway (78°57′N, 11°50′E), were sampled about twice a week from 17 April to 23 May 2003 and from 8 May to 8 June 2004 at station K3 (Fig. 1) . Two additional stations in the outer part of the fjord (Fig. 1, K1 and K2) were sampled once each year (23 May 2003 and 8 June 2004) . Sampling was usually performed during daytime, although the transect samples in 2004 were taken during night (midnight sun). Vertical profiles of temperature, salinity, density, and in situ fluorescence were measured with a CTD (conductivity, temperature, and depth) profiler (SD 204; SAIV A/S, Bergen, Norway), equipped with a Seapoint chlorophyll fluorometer (Seapoint Sensors Inc., Exeter, New Hampshire). Water samples were taken from six different depths (0, 5, 8, 15, 25 , and 35 m) with a 10 L Niskin bottle (Ocean Test Equipment Inc., Fort Lauderdale, Florida) . Three depths represented the uppermost 10 m (potentially exposed to detrimental irradiances), and three depths represented the layer from 10 to 50 m, where no detrimental impact of high irradiances was expected. If there was a clear fluorescence maximum deeper than the standard sampling depths, additional samples were taken. Subsamples were filtered for analyses of the following variables: fatty acid composition, chlorophyll a (Chl a), pigment composition, and elemental ratios (C, N, P) of the POM. In addition, 250 mL from each depth were preserved in a 1.6% formalin solution, buffered with borax, for quantitative analysis and identification of phytoplankton species. Unfiltered water samples were taken for nutrient analysis (total N, Si, P) at the outset, middle, and end of each year's sampling series.
Phytoplankton identification and counting were carried out at the Institute of Oceanology of the Polish Academy of Science in Sopot using an inverted microscope (Nikon TM-300 at magnifications of 100× and 400×) and following the method described by Utermöhl (1958) . Diatoms and dinoflagellates were identified to the species or genus level, whereas other flagellates were identified to family or noted as unidentified. Biomasses (µg C·L -1 ) of dominating taxa were calculated according to geometrical measurements obtained during the microscopic analyses or simply taken from Biological Atlas of the Arctic Seas 2000, Plankton of the Barents and Kara Seas (http://www.nodc.noaa.gov/OC5/ BARPLANK/WWW/HTML/plankton.html).
UV and PAR measurements
In 2003, underwater profiles of UVR were measured down to a depth of 20 m using a custom-made underwater radiometer (NILU-UV; NILU Products AS, Kjeller, Norway) measuring at wavelengths of 305, 312, 320, 340, and 380 nm. In 2004, we used a custom-made RAMSES ACC UV sensor (TriOS GmbH, Oldenburg, Germany) to measure wavelengths over the 290-400 nm range. The depths of the 10% and 1% relative UVR levels were calculated using the following equation (see, e.g., Kirk 1994) :
where I(z) is the radiation level at depth z, I 0 is the incidence surface level, and K d is the diffuse attenuation coefficient as calculated from the measurements. Daily average values of stratospheric ozone, as well as erythemally weighted daily doses of UVR (CIE, Commision International de l'Eclaire) were obtained from the GUV radiometer (Biospherical Instruments Inc., San Diego, California), located on the roof of the Sverdrup Research Station (Norwegian Polar Institute), Ny-Ålesund (78°55′N, 11°56′E). Underwater profiles (0-40 m) of PAR (400-700 nm) were only measured in 2004, using an underwater spherical quantum sensor LiCor, Lincoln, Nebraska) , and a cosine-corrected flat-head reference sensor LiCor) . PAR in the air was recorded continuously with a cosine-corrected Quantum sensor (QS-200; Delta-T Devices Ltd., Cambridge, UK) located on the roof of the Sverdrup Research Station.
Fatty acid analysis
Two water samples of 3 L each from six different depths (0, 5, 8, 15, 25, 35 m) were filtered onto GF/C glass fibre filters (Whatman, Maidstone, UK) prewashed with chloroform-methanol (2:1, v/v pooled before analysis. Total lipid was extracted according to the procedure described in Folch et al. (1957) . A known amount of heneicosanoic acid (21:0) was added as internal standard, and an acid-catalysed transesterification was carried out with 1% sulfuric acid in methanol (Christie 1982) . The extract was cleaned on a silica column (Christie 1982) . The percent composition of fatty acid methyl esters (FAME) was determined using a N gas chromatograph (Agilent 6890; Agilent Technologies, Santa Clara, California) equipped with a fused silica, wall-coated capillary column (50 m × 0.25 mm inner diameter, Varian Select FAME) and an Agilent 7683 injector and flame ionization detector. Hydrogen was used as carrier gas. Samples were injected at a temperature of 280°C, and the thermal gradient was raised from 60 to 150°C at 30°C·min -1 and then to a final temperature of 230°C at 1.5°C·min -1 (maintained for 2 min). Individual FAME were identified by comparison with two known standards (GLC-96 quantitative standard for identification and quantification of FAME (Nu-Chek Prep Inc., Elysian, Minnesota) and MARINOL qualitative standard obtained from James Henderson (University of Stirling, personal communication)) and were quantified using the HPChemStation software (Hewlett-Packard Co., Palo Alto, California). Certain fatty acids are characteristic for specific taxonomic groups of phytoplankton and can therefore be used as (trophic) markers (see Table 1 and Dalsgaard et al. 2003) .
Photosynthetic pigments
Samples from all six depths were taken for a complete analysis of all photosynthetic pigments by high performance liquid chromatography (HPLC). Seawater (500-1000 mL) was filtered onto GF/C filters. The filters were put in liquid nitrogen (-196°C) and later stored at -80°C. The pigments were extracted in 1.5 mL 100% MeOH. The extracts were sonicated for 30 s using a Vibra-cell sonicator (Sonics and Materials Inc., Danbury, Connecticut) equipped with a 3 mm diameter probe (cf. Wright and Jeffrey 1997) . The extraction and HPLC analyses were carried out according to Wright and Jeffrey (1997) , using an absorbance diode-array detector (Spectra-Physics UV6000LP; Newport Corporation, SpectraPhysics Finnigan, Thermo Fisher Scientific, Waltham, Mass.) equipped with a 150 × 3.20 mm C18 column (Ultracarb 3 µm ODS (20); Phenomenex, Torrance, California) and a 4 × 3.0 mm C18 guard column (SecurityGuard; Phenomenex). Chlorophyll breakdown products were integrated and quantified at 668 nm. The breakdown products were pooled and the ratio to Chl a (668 nm) was calculated. The HPLC system was calibrated with pigment standards obtained from DHI, Water and Environment, Denmark. Peak identities were further confirmed by online recording of absorbance spectra (400-700 nm) as described by Wright and Jeffrey (1997) . Pigments were expressed as ratios to Chl a (by weight). In addition, fluorometrical analyses of Chl a concentrations were carried out in 2003. Seawater (500 mL) was filtered onto GF/C glass fibre filters and extracted in 10 mL 90% acetone (v/v) for 2 h at room temperature in darkness. Chl a concentrations were then determined using a Turner field fluorometer (Turner 10-AU-005-CE; Turner Designs Inc., Sunnyvale, California). Pigments were further divided into major taxonomic marker pigments (Table 2 ; Jeffrey and Vesk 1997) and photoprotective pigments, e.g., diadinoxanthin (Dd), diatoxanthin (Dt) (Olaizola and Yamamoto 1994) , zeaxanthin, and lutein (Schlüter et al. 2000) .
Nutrients and stoichiometry
Concentrations of total nitrate, silicate, and phosphate (the latter only in 2004) were analysed from unfiltered water samples. Samples from 0, 5, and 8 m and from 15, 25, and 35 m, respectively, were pooled. Phosphate samples were preserved with 1% (v/v) 4 mol·L -1 sulfuric acid and stored in the dark at 4°C until analysed. Nitrate and silicate samples were stored cold (4°C) and in the dark, without preservation, until analysis. Total P (TP) and total N (TN) were analysed on a auto-analyser (San Plus; Skalar Analytical Instruments, Breda, the Netherlands) with a photometric detector (Matrix SA 6250-02; Skalar) after persulfate digestion of nonfiltered samples. TP was determined with the molybdate-blue method at 880 nm (Norsk Standard NS 4725) and TN was determined as nitrate at 540 nm after reduction with cadmium (Norsk Standard NS 4745). Silicon was analysed according to the method described by Koroleff (1985) .
Samples for analysis of particulate C, N, and P were taken on three occasions in 2003 (immediately before and immediately after the peak of the spring bloom and on the very last sampling day) and once in the postbloom period in 2004. Samples from 0 to 8 m and from 15 to 35 m were pooled. Volumes of 500 mL were filtered onto precombusted (3 h, 500°C) GF/C filters. For particulate phosphate analysis, the filters were prewashed with HCl. All samples were stored at -20°C until analysis. Particulate C and N were analysed on a elemental analyser (FlashEA 1112; Thermo Finnigan, Milano, Italy) . Particulate P analyses consisted of placing the filters in 15 mL distilled water that was acidified (150 µL, 4.0 mol·L -1 H 2 SO 4 ), adding peroxodisulfate (0.15 g K 2 S 2 O 8 ), and autoclaving (121°C, 1 h). The particulate fraction of P was then analysed spectrophotometrically by the standard ammonium-molybdate method (Hessen et al. 2002) . 
Statistical analyses
To estimate the proportion of variance in the fatty acid composition (%) of POM that can be explained by a linear combination of predictor variables (called environmental variables in CANOCO), a multivariate direct gradient analysis (redundancy analysis, RDA) was performed, using the CANOCO software 4.5 for Windows (ter Braak and Smilauer 2002) . A detailed description of this method can be found in Legendre and Legendre (1998) . First, from a number of environmental factors potentially affecting the variability in the data set, a subset of predictor variables is chosen based on their explanatory power and the significance of their contribution (tested by Monte Carlo permutation). This model is then used for a multivariate gradient analysis in which the response variables are constrained to be a linear combination of these predictor variables. From this analysis, object scores are calculated and an ordination plot is derived. Fatty acids accounting for less than 1% in all samples were removed from the data set before analysis, without recalculating the percentages of the remaining fatty acids. Nontransformed percentage values were used in all analyses. In the RDA, the samples and fatty acids were assigned scores on ordination axes, the first two axes of which are shown in the ordination biplot. Environmental variables are represented by arrows, pointing in the direction of maximum variance accounted for by the respective variable. The Monte Carlo permutation test was run with 9999 permutations, restricted for split-plot design, with a whole plot consisting of the samples taken on the same day. Whole plots were chosen to be freely exchangeable in the permutation test, but no permutation was allowed on the split-plot level. First, the marginal effects for all environmental variables were tested, and then the significant factors (p < 0.05) were included in the model by stepwise selection. The overall significance of the model was tested in another Monte Carlo permutation test on all canonical axes with 9999 permutations, restricted for split-plot design as described above. Selected supplementary variables were included in the analysis as passive variables to display them in the results plot.
The significance of dissimilarity in fatty acid and pigment composition between the two depth layers during the postbloom period was tested with an ANOSIM (analysis of similarities; Clarke 1993; Clarke and Green 1988) , using PRIMER 5.9.2. This procedure uses a test statistics (R) based on the difference between the average of all rank dissimilarities between objects between and within groups. R values range in theory from -1 to 1, with R = 0 confirming the null hypothesis. Large (positive) R values indicate a clear separation of the groups, whereas small values indicate a within-group variability similar to the between-group variability. To elucidate the contribution of single fatty acids or pigment ratios to the average dissimilarity between groups, the SIMPER routine in PRIMER was used (Clarke 1993) .
For testing differences in single variables between years or depths, t tests were applied, given that variances were homogenous (tested with Levene's test). If they were not homogenous, a nonparametric Mann-Whitney U test was used. For all tests, the threshold for significance was set at p < 0.05. All univariate analyses were carried out using STATISTICA 7.0 (StatSoft Inc. 2004) .
Results
During the first sampling campaign in 2003, we followed a typical diatom-dominated spring bloom, whereas a postbloom situation was followed in 2004. The main focus of the study was to compare the fatty acid dynamics during both situations and identify the importance of the respective environmental factors, particularly light, for the observed changes.
Hydrography, UV radiation, and underwater light conditions
From mid-April until the end of May 2003, the uppermost 60 m of the water column was characterized by winter cold water (cf. Svendsen et al. 2002) , with temperatures below -0.7°C (Fig. 2) . Salinity ranged from 34.1 to 34.4, with a homogenous vertical distribution. Vertical in situ fluorescence profiles showed the development of a spring bloom, with a peak in Chl a concentration on 10 May at about 20 m depth (>10 µg Chl a·L -1 ; Fig. 2 ). Other than on this day, Chl a was distributed evenly in the uppermost 50 m. Chl a values obtained by HPLC analyses ranged from <1 to 8 µg Chl a·L -1 (Fig. 3a) . Stratospheric ozone values were high and stable (450 ± 31 Dobson units (DU), mean ± SD; Fig. 4 ). Daily doses of UVR (CIE-weighted) ranged from 167 to 1414 J·m -2 , increasing over the whole period because of an increase in solar angle (Fig. 4) . K d values for the four different wavelengths (312, 320, 340, and 380 nm) were constant throughout the sampling period (Fig. 5) .
In 2004, water temperatures in the first half of May were homogenous (< -0.5°C; see Fig. 2 ), with a lower salinity (33.0-33.6) in the upper 40-50 m (Fig. 2 ). There was a stable halocline at 50 m throughout the period from 8 May to 9 June. Because of local melting of drift ice, salinity close to the surface dropped below 33. In combination with the warming of the surface water starting in the middle of May, this led to stratification of the surface layer. The in situ fluorescence profiles indicated low phytoplankton concentrations during the entire sampling period, with a deep peak of varying intensity between 40 and 60 m (Fig. 2) . This was confirmed by the HPLC analyses, showing less than 2 µg·L -1 in all samples (Fig. 3b) . Throughout the period, stratospheric ozone was as high as in 2003, ranging from 350 to 450 DU (Fig. 4) . CIEweighted daily doses of UVR in air were between 890 and 2500 J·m -2 (Fig. 4) , and 1% depths for UVA (320-400 nm) and UVB (280-320 nm) ranged from 20 to 29 m and from 12 to 14.5 m, respectively. All K d values were lower than in the previous year (Fig. 5) , owing to lower phytoplankton biomasses. PAR values measured at noon varied between 700 and 1200 µmol·m , depending on weather conditions; minimum values at night were 100-300 µmol·m -2 ·s -1 (Fig. 6 ). Underwater PAR intensities measured at the sampling depths are provided (Table 3 ). The 1% depth for PAR varied between 30 m and 40 m.
Fatty acid composition of POM
In 2003, two weeks before the Chl a maximum of the spring bloom (10 May), PUFAs made up 45% of the fatty acids in the POM, decreasing steadily to 28% by the end of May (Fig. 7) . The major PUFAs were 20:5(n-3), three C18(n-3) PUFAs, and 16:4(n-1), followed by 22:6(n-3) (Table 4a). The decrease in PUFAs was mainly due to a decrease in 20:5(n-3) and 16:4(n-1). Over the same period, the relative amount of monounsaturated fatty acids (MUFAs) increased from 14% to 28%. Changes in MUFAs were attributed largely to 16:1(n-7), 18:1(n-9), and 18:1(n-7) ( Table 4a ). The percentage of saturated fatty acids (SFA) dominated by 14:0 and 16:0 ranged from 36% to 41% and did not change from mid-April to the end of May (Fig. 8) . However, on an individual basis, 14:0 increased from an initial 4% to approximately 10% by mid-May.
A ranking of the environmental variables included in the RDA model is provided (Table 5 ). The multivariate analysis of the fatty acid composition of all POM samples from station K3 in 2003 showed a distribution of the samples along two main gradients (Fig. 8 ). The first gradient followed the decreasing nutrient availability (Si-N) and diatom dominance (indicated as a decreasing fucoxanthin -Chl a ratio). This gradient represented the temporal changes in fatty acid composition from early to late samples, with the highest percentages of PUFAs and diatom markers found in the early samples. Nutrients and the relative diatom biomass accounted for 27% and 5% of the variability in the data set, respectively (partial effects; Table 5 ). Perpendicular to this first gradient, POM fatty acid composition varied in correlation with the Chl a concentrations. Samples with highest Chl a content also contained the highest relative values of 16:1(n-7) and 16:0 pristanic, whereas 18:0 was found to be high in the samples with lowest Chl a. In general, samples taken on the same day clustered together, whereas no consistent pattern according to sampling depth was seen. Neither depth nor radiation proved to be significantly correlated with fatty acid composition (Monte Carlo permutation, p > 0.05, data not shown). Together, the three chosen environmental variables accounted for 49.3% of the total variability in the data set. The significance of all canonical axes was high (F ratio = 10.37, p = 0.00013). In 2004, SFAs were the largest fraction of fatty acids throughout the entire sampling period, accounting for 39%-52% of total fatty acids (Fig. 7) . No time trend was seen, but samples from the surface layer (0-8 m) contained significantly higher percentages of SFA (t test, t = 3.7, n = 9, p = 0.002) and had a lower content of PUFAs (t test, t = -2.3, n = 9, p = 0.03) than samples from 15-35 m (Table 4b ). PUFAs and MUFAs were equally represented, ranging from 20% to 30%. Samples taken from the Chl a maximum (50-60 m) contained PUFA percentages as low as those from surface samples. The latter had high shares of 18:0 (around 10%), differing significantly from samples taken at 15-35 m (5%-7%; Mann-Whitney U test, Z = 2.34, n = 9, p = 0.02). Among the MUFAs, 16:1(n-7) was the most abundant fatty acid, with values between 10% and 20%, followed by 18:1(n-9) (4%-10%) and 18:1(n-7) (1%-3%). PUFAs were represented by several fatty acids occurring in similar abundances, with 20:5(n-3) and 22:6(n-3) usually reaching the highest values (5%-10%), followed by C18 PUFAs and finally 16:4(n-1) (1%-2.5%) (Table 4b ).
An RDA of POM fatty acid composition separated the samples into two groups according to their sampling depth ( Fig. 9 ). Of the three environmental factors that were chosen for the RDA model based on significance testing (Table 5) , PAR and the relative amount of haptophytes represented the gradients along which the two sample groups differed most. PAR, however, had the strongest (negative) correlation with most of the major PUFAs (20:5(n-3), 16:4(n-1), 18:5(n-3), and to some extent also 18:4(n-3)), whereas 22:6(n-3) and 18:3(n-3) showed weak or no correlation with PAR, but rather were correlated with the relative biomass of flagellates found in the samples (Fig. 9) . Surface (0-8 m) and deeper (15-35 m) POM samples were divided along the PAR gradient, with the deeper samples characterized by higher amounts of PUFAs, and the surface samples characterized by high 16:0 and 18:0 values. The zeaxanthin-Chl a ratio was strongly correlated with PAR (shown as a passive variable in the plot). Together, the three environmental variables accounted for 58% of the variability in the data set (Table 5) , and the canonical axes were highly significant (F ratio = 6.5, p = 0.001). The haptophyte gradient was positively correlated with 18:4(n-3) (usually considered as one of the marker fatty acids for haptophytes; Table 1 ) and 16:1(n-7). The flagellate-dominated samples, taken on the last day, formed a group and were characterized by high 22:6(n-3) values. Differences in fatty acid composition between the two depth layers were tested with an ANOSIM test. Global differences were moderate but significant (Global R = 0.28, p < 0.01). Four fatty acids contributed more than 10% each to the average dissimilarity between the two depth layers: 16:1(n-7), 16:0, 20:5(n-3), and 18:0 (data not shown). When comparing spring bloom and postbloom periods, we found that the fatty acid composition of POM at station K3 during the spring bloom contained, on average, a significantly larger percentage of PUFAs than during the postbloom period in 2004 (Table 6 ). C16 fatty acids and the C16 PUFA to C18 PUFA and 16:1(n-7) to 16:0 ratios were also significantly higher during the spring bloom than during the postbloom period. Both the relative amounts of SFA and MUFA were, on average, significantly higher in the samples from the postbloom period (Table 6 ).
Phytoplankton community composition
Throughout the bloom in 2003, the phytoplankton biomass based on cell counts (5-150 µg C·L -1 ) was dominated by diatoms (72%-87%; Fig. 10 ). The dominance of diatoms decreased over time, also reflected in the ratio of fucoxanthin to Chl a (Fig. 11) . Ice-associated diatoms such as Nitzschia spp., Fragilariopsis cylindrus, and F. oceanica, together with Thalassiosira antarctica/gravida, were most abundant in the early phase, whereas T. nordenskioeldii, Chaetoceros socialis, C. furcellatus, and F. oceanica were most abundant later. The colonial stage of the haptophyte Phaeocystis pouchetii was found in highest cell numbers, but because of its small cell size, it did not contribute more than 15% to the total biomass. This was also shown in low ratios of the haptophyte marker pigment 19′-butanoyloxyfucoxanthin (19′-but) to Chl a (data not shown). Unidentified flagellates (autotrophic and heterotrophic) were recorded in high abundances during the peak bloom. Dinoflagellates were less abundant but increased in abundances during the second half of the period. However, none of these two groups contributed substantially to the total biomass. The sum of chlorophyll breakdown products to Chl a varied between 5% and 25% and was generally lower at a depth of 0-8 m by the end of the sampling period (data not shown). This suggested that the bloom material was degrading and sinking out of this layer.
In 2004, total biomasses were much lower during the postbloom period than during spring bloom (5-30 µg C·L -1 ), and Chl a concentrations never exceeded 1 µg·L -1 in the surface layer (0-8 m). A biomass peak was found at a depth of 50-60 m and was dominated by haptophytes, almost exclusively represented by P. pouchetii. Its colonial stage accounted for 50%-98% of the cell numbers in all samples until 21 May. The 19′-but to Chl a ratios were usually at least 30%-50% higher in the deeper samples than at the surface (Fig. 12a) . None of the other taxonomic marker pigments differed similarly consistently between the two depth layers (Fig. 12a) . Contrary to the diatom-dominated spring bloom, the species composition was more variable (Fig. 10) . For most species, many cells were in poor condition, judged from high numbers of spores, encysting cells, and empty frustules. In early May, diatoms were still dominating the biomass in the upper 30 m, as reflected in fucoxanthin -Chl a ratios of 0.6 (Fig. 12a) . In the beginning, T. nordenskioeldii was most abundant but was progressively replaced by a variety of Chaetoceros species. Starting on 25 May, unidentified flagellates were found in substantial numbers, becoming increasingly abundant at all depths. Cryptophytes reached a peak during the second half of May, which was also visible in the development of the alloxanthin -Chl a ratio (Fig. 12a) . The contribution of heterotrophs was high. Among the dinoflagellates, several Gymnodinium species were most abundant, reaching their highest biomass in the last 10 days of May. Peridinin, a pigment occurring exclusively in dinoflagellates, changed accordingly (Fig. 12a) . Furthermore, heterotrophic ciliates were found in high numbers (up to 8000 cells·L -1 ). Despite chlorophyte marker pigments being present in all samples (Chl b, neoxanthin, and prasinoxanthin), no species of this group was found in the cell counts. An ANOSIM of taxonomic pigment ratios yielded no difference between the two depth layers (Global R = -0.036, p > 0.5).
During spring bloom, slightly higher Dd to Chl a ratios were found in the surface samples, but the difference was not consistent (Fig. 11b) . Under the stratified conditions during the postbloom period, however, several photoprotective pigments (zeaxanthin, lutein, Dd) were found in higher ratios to Chl a close to the surface compared with the deeper samples (Fig. 12b) . With respect to the ratios of photoprotective pigments to Chl a, the two depth layers differed moderately (ANOSIM, Global R = 0.189, p < 0.05). The zeaxanthin to Chl a ratio accounted for 50% of the dissimilarity.
Nutrients and stoichiometry of POM
In spring 2003, nutrient concentrations (N and Si) were high until the beginning of May and dropped rapidly after the peak of the bloom (Table 7) . No differences were found between the two depth layers. Note: The variables are ranked according to their explanatory power. For both models, the test of significance of all canonical axes was significant: (a) during spring bloom (F = 10.37, p = 0.0001), and (b) after spring bloom (F = 6.5, p = 0.001). PAR, photosynthetically active radiation.
a The total explained inertia refers to the percentage of variability in the whole data set, explained by the respective variable; species-environment refers to the relative amount of correlation between species and environmental variables explained in the chosen model (with three constrained axes). Table 5 . Ranking of environmental variables that significantly (Monte Carlo permutation test in RDA, p < 0.05) influenced fatty acid composition of particulate organic matter (POM) (a) during and (b) after spring bloom in Kongsfjorden. were already depleted at the start of our sampling (mainly below 1 µmol·L -1 ; Table 7 ). Phosphate concentrations, measured only in 2004, were low (0.3 to 0.5 µmol·L -1 ; Table 7 ). In 2003, both particulate C-N and C-P ratios (molar) were low and ranged from 4 to 6 and 60 to 80, respectively, with no temporal or spatial differences. In 2004, both C-N and C-P ratios were consistently higher (8-12 and 99-109, respectively), suggesting more nutrient-depleted cells in the postbloom situation.
Discussion
PUFAs during the spring bloom and postbloom periods
The observed differences in fatty acid composition and species succession between a diatom-dominated spring bloom and the postbloom period were, in general, well in accordance with those of previous studies (Mayzaud et al. 1989; Skerratt et al. 1995; Reuss and Poulsen 2002) . The highest relative amount of PUFAs was found early in the bloom, well before its biomass peak, i.e., during the period of exponential growth when carbon is allocated predominantly to polar lipids, which constitute the membranes of the fast-growing microalgae (Parrish et al. 2005) . The most dominant PUFAs during this early phase were the diatom markers 20:5(n-3) and 16:4(n-1) (also found by Mayzaud et al. 1989) . The latter fatty acid has also been suggested as a biomarker for ice algae (Falk-Petersen et al. 1998 ). The postbloom period was characterized by lower relative amounts of PUFAs (15%-20% of total fatty acids), resembling previously reported profiles of non-diatom blooms from the Barents Sea (Henderson et al. 1991; Falk-Petersen et al. 1998; Scott et al. 2002) . High fractions of 18:0 (up to 10%; Henderson et al. 1991; Falk-Petersen et al. 1998) were reported in these studies. This corresponds to the near 10% of 18:0 in POM that we found during postbloom conditions. In low-productivity waters in Antarctica, Fahl and Kattner (1993) found as much as 25% of 18:0 and attributed this to the poor quality of the POM, which consisted mainly of detritus and degrading material. Interestingly, the deep Chl a maximum in 2004 in our study showed similar characteristics, with SFAs as high as 64% and 16:1(n-7) to 16:0 ratios between 0.1 and 0.5. This, together with exceptionally high amounts of Chl a breakdown products in these samples, clearly points to senescent phytoplankton in poor physiological condition and demonstrates the strong dynamics and rapid qualitative and quantitative shifts from the spring bloom to the postbloom period.
Light and POM fatty acid composition
The potential impact of PAR and UVR on phytoplankton is inevitably determined by the average exposure time of cells to high irradiances. Hence, stratification of the water masses (or the lack of it) and mixing depths play a crucial role for the response of phytoplankton to high irradiances (Neale et al. 2003) . The spring bloom in Kongsfjorden in 2003 developed in homogenous water masses without any physical barrier against sinking or vertical mixing of the cells, as has earlier been described as typical for highlatitude fjord ecosystems by Eilertsen (1993) . Therefore, phytoplankton cells did not remain in the highly irradiated surface layers long enough to suffer from photodamage by PAR or UVR. This was supported by our data, yielding no significant explanatory contribution of radiation during the blooming period. During postbloom, however, when stratification counteracted vertical mixing, pronounced differences in fatty acid profiles between surface layers and deeper water were found. These differences occurred mainly along the light gradient, as shown in the RDA plot, and divided the samples according to their relative abundances of PUFAs versus 16:0 and 18:0. Interestingly, of the four fatty acids that contributed more than 10% each to the average dissimilarity between POM fatty acid compositions from the two depth layers, three that reacted strongest towards an increase in ambient irradiance in an outdoor experiment were the same. This study with a unialgal diatom culture was performed in Ny-Ålesund simultaneously with the postbloom sampling campaign (Leu et al. 2006b ). We found a 50% reduction of the relative amount of all PUFAs upon exposure to PAR irradiances, corresponding to in situ values measured at a 8 m depth in PUFAs was detected in that study, although the experimental UV intensities were higher than the values measured at the 8 m depth. It is difficult to disentangle the potential impact of two or more closely correlated environmental factors (as PAR and UVR) in a field study by means of statistical analysis only. However, additional laboratory studies addressing specifically the effect of UVR on fatty acid composition in three Arctic diatom species and one freshwater chlorophyte confirmed that UVR did not cause a decrease in the relative amount of PUFAs in any of the species investigated (Leu et al. 2006a (Leu et al. , 2007 . These results suggest that PAR might be more detrimental to PUFAs than UVR under natural conditions.
In addition to fatty acid composition, the ratios of all photoprotective pigments (zeaxanthin, lutein, Dd) to Chl a also differed consistently between the two depth layers, indicating further biochemical responses of phytoplankton to high irradiances in the uppermost 8 m. Zeaxanthin is formed by violaxanthin de-epoxidase that is activated when a plant cell is exposed to excess excitation energy (light) (DemmigAdams 1990). Prolonged high-light stress might lead to a temporal accumulation of photoprotective pigments from the violaxanthin cycle, even in microalgae that are considered to possess the Dd cycle only (Lohr and Wilhelm 1999 ). An increase of cellular levels of lutein in response to increasing irradiance was found by Henriksen et al. (2002) . At the same time, none of the taxonomic pigments showed a similar vertical pattern, apart from 19′-but. Thus, differences in species composition do not seem to be a likely explanation for the depth-dependent differences in fatty acid composition. Elemental ratios from both layers indicated nutrient depletion. The temporal resolution of these data was, however, not sufficient to include them in the RDA.
The role of species composition and nutrient availability
Apart from the effect of light under stratified conditions, changes in species composition and nutrient availability proved to be the major drivers of changes in POM fatty acid composition, as described by various authors before (see references in Introduction). During spring bloom, changes in species composition were well in accordance with changes in the respective fatty acid trophic markers. The decreasing dominance of diatoms was reflected in a linear decrease of their marker PUFAs, 20:5(n-3) and 16:4(n-1). Similarly, the increasing amounts of haptophytes were indicated by an increase in 14:0 and 18:1(n-9) and, to some extent, 18:1(n-7). Both tendencies (i.e., the increase in Phaeocystis and decrease in diatoms) were confirmed by corresponding changes in the marker pigment ratios to Chl a, fucoxanthin to Chl a and 19′-but to Chl a. The marginal effect of the former explained significantly nearly 20% of the total variability in the data set. However, because of its strong correlation with the nutrient availability, it accounted for only 5% in the chosen RDA model.
Temporal trends in the postbloom fatty acid profiles were less clear, owing to a continuously changing and more diverse phytoplankton community. Still, a significant correlation between fatty acid profiles and changes in species composition was found, represented by two of the three environmental factors on the RDA model, the relative biomass contributions of haptophytes and flagellates. Together, they accounted for 38% of the variability in the data set. Because flagellates are not a taxonomic group, a direct correlation to either marker pigments or fatty acid trophic markers is impossible. Respective samples were, however, characterized by the highest values of 22:6(n-3) and C18 PUFAs, both considered as trophic markers for dinoflagellates but also found in other flagellates. In general, taxonomic changes were not as clearly visible in the fatty acid profiles during the postbloom period as during spring bloom, which might be due to the larger contribution of detritus and nonphytoplankton constituents to POM.
Changes in species composition were important but still did not account for more than 20%-30% of the variability in POM fatty acid composition during the spring bloom and postbloom periods. Even though diatoms dominated strongly through all stages of the spring bloom in 2003 (72%-87% according to cell counts), we found a 40% reduction of PUFAs during one month, together with other major shifts in the fatty acid composition. We therefore suggest that changes in the algal physiological state also affected fatty acid composition. Nutrients were rapidly depleted during the spring bloom. In fact, nutrient depletion was probably the ultimate reason for its termination. Grazing pressure can most likely be excluded, as only very few large herbivorous copepods were observed feeding in the fjord (E. Leu, W. Walkusz, and S. Kwasniewski, unpublished data). Available concentrations of silicate and nitrate were confirmed (by the Monte Carlo permutation test) to be significantly correlated with the observed changes in fatty acid composition.
In experimental studies, nutrient limitation (mainly by phosphorus but also by nitrogen) has been shown to cause a decrease the PUFA content in microalgae (Reitan et al. 1994; Klein Breteler et al. 2005 ). Similar observations have 
Ecological considerations and food web implications
The results from the present study demonstrate a pronounced change in POM fatty acid composition over a brief period in April-May, spanning the peak bloom and early postbloom periods. Although these shifts may be accredited largely to phytoplankton community changes and the physiological state of the cells, our study strongly indicates that light also has the potential to affect phytoplankton fatty acid composition, especially during periods of stratification. If a spring bloom develops in nonstratified waters (as observed in our study), the detrimental impact of light is reduced by vertical mixing and thus only brief periods of exposure to high light intensities. In contrast, blooms in the marginal ice zone (MIZ) usually occur in strongly stratified water layers, with a distinct biomass peak close to the surface. We therefore suggest that our findings are relevant for primary production in polar oceans. If the ice cover in the Arctic retreats as predicted over the decades to come (Stroeve et al. 2005) , the MIZ will increase its extension northwards and propagate close to the North Pole each year. This might cause not only a potential mismatch between light, nutrients, and autotrophs, but also a potential mismatch between phytoplankton and their consumers, notably copepod grazers (Hansen et al. 2003) . The herbivorous copepods of Calanus spp. comprise up to 70%-80% of the zooplankton biomass in Arctic seas (Conover 1988; Hirche and Mumm 1992) and constitute the key link between primary production and higher trophic levels (Falk-Petersen et al. 1990 , 2006 . PUFAs play a crucial role in their reproduction. Eggs of Calanus glacialis contain >30% PUFAs, with 20:5(n-3) and 22:6(n-3) dominating (Hirche and Kattner 1993) . Calanus spp. have to acquire these essential fatty acids from their phytoplankton diet. Gonad and egg production in all Calanus species occurring in the Arctic starts during winter, but two of them rely on spring phytoplankton for successful spawning (Hirche and Kattner 1993; Hirche et al. 1997; Niehoff et al. 2002) . Because high-quality food is available to them only during a very brief period, a temporal mismatch or decrease in its quality may impair their recruitment. A decrease in the abundances of the large herbivorous copepods would have a severe impact on the transfer of biomass to higher trophic levels (Falk-Petersen et al. 1990 , 2006 .
We conclude that light, in addition to the well-known factors species composition and nutrient availability, has the potential to affect the POM fatty acid composition in situ. The described effects are likely to occur under stratified conditions, the typical situation for most phytoplankton blooms in ice-covered oceans. A correlation was found between exposure to high irradiances and reduced relative contents of PUFAs in POM. Because of its higher intensity and less rapid absorption in the water, PAR seems to be more detrimental than UVR to POM fatty acid composition. Seasonal ozone depletion, followed by higher UVB intensities, might increase these negative effects somehow but is not expected to have a severe impact on POM nutritional quality on a large scale. The ongoing reduction in sea ice concentration, however, might change timing, quantity, and quality of the available food source for pelagic herbivores. When trying to predict the future development of the Arctic pelagic ecosystem in an era of climate change, the detrimental potential of light, as well as its crucial role for the timing of autotrophic production, has to be considered. Spring bloom (2003) Postbloom ( 
